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Disclaimers

The findings in this report are not to be construed as an official Depart-
ment of the Army position unless so designated by other authorized
documents.

When Government drawings, specifications, or other data are used for
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procurement operation, the United States Government thereby in:urs no
respcnsibility nor any obligation whatsoever; and the fact that the
Governmen: may have formulated, furnished, or in any way supplied the
said drawings, specifications, or other data is not to be regarded by
implication or otherwise as in any manner licensing the holder or any
other person or corporation, or conveying any rights or permission, to
manufacture, use, or sell any patented invention that may in any way be
related thereto.
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SUMMARY

This report describes the design, analyses, and experimental evaluaticns of
a transpiration-cooled single-stage axial flow turbine component capable of
operation at an average turbine inlet temperature of 2500°F and suitable
for use in a gas generator with a compressor of 8 to 10 pressure ratio and
an airflow of 4 povands per second. Additional design objectives included
90 percent turbine adiabatic efficiency and a turbine work of 140 BTU per

pound of airflow.

The turbine component design and the rotating test rig design completed
during Phase I will be fabricated and tested in Phase II of this program to
demonstrate the performance characteristics and high-temperature capability

of the turbine.

Various experimental evaluations were performed to determine airfoil form-
ing characteristics of high-temperature materials, tc investigate blade

strut fabrication techn.ques, to perfect strut-to-airfoil attachment tech-
niques, and to prove the high-temperature feasibility of the selected air-

foil design.

An eight-blade two-dimensional cascade test was run for approximately 14
hours utilizing blades fabricated to the proposed design and included a
1.5-hour test run at an average gas temperature of 2560°F. The temperature
profile produced by the combustor during this run exposed some blades 1n

the cascade to average temperatures as high as 2900°F. All airfoils tested
were visually inspected and found to be in satisfactory condition. Cooling
airflow checks were also made before and after the test, and results indicate
very little change in skin porosity. Blade teaperature¢ data cbteained dur-
ing the cascade testing also substantiated the thermal analysis design

predictions.

It was concluded during the Phase I period that fabrication techniques,
materials, analytical methods, design information, and teat facilities were
sufficiently advanced to warrant the continued development of this advanced
high-temperature turbine component for small gas turbine engines.
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FOREWORD

The work reported herein is in partial fulfillment of Contract
DA 44-177-AMC-182(T), which was conducted by the U.S. Army Avi-
etion Materiel Laboratories, Fort Eustis, Virginia., It repre-
sents the design and evaluation work accomplished during Phase
I of subject contract which was continued and completed in
Phase II.
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1.0 INTRODUCTION

There is a requirement in the field of small gas turbines for advancement
of component technology to permit the future development of small, light-
weight, high-performance turboshaft engines. This technology will provide
background for future aircraft propulsive units, advarced ground vehicle
power plants, and stationary power units as well.

Significant work has been done with large turbine engines in improving
engine component efficiencies, increasing cycle pressure ratio, increasing
turbine inlet temperatures, and developing lightweight high-effectiveness
regenerators in order to improve the overall power plant performance. The
objective of the current development effort sponsored by the U.S. Army is

to advance the state of the art in these same areas to improve the available
technology for small engines.

The use of high turbine inlet temperatures (2500°F) has long been a goal of
engine designers, because in advanced cycle power plant systems, the horse-
power available will more than double, and the specific fuel consumption
will be substantialiy reduced over engines designed with the restrictions of
currently available technology. The specific objective of the U.S. Army
program reported herein is the development of a single-stage, axial-flow,
transpiration-cooled turbine component capable of operation at 2500°F aver-
age turbine inlet temperature and improved component efficiency.

The Curtiss-Wright Corporation has developed the technology of a varlety of
high-temperature components over the past 10 years; in particular, the
work conducted on cooled turbine components for the U.S. Navy and the FAA
has materially advanced the state of the art. Over 150 hours of full-
scale engine tests have been completed at an average turbine inlet tempera-
ture of 2500°F and have provided invaluable experience for the work being
conducted on this program for small turbine engines.

Cne of the important aspects to be considered in a high-temperature turbine
design is the selection of the blade cooling method. The fundamental ther-
mal characteristics of a blade, average metal temperature, temperature
gradients, gas temperature profiles, and coolant requirements are unique
functions of the cooling method selected and the design turbine inlet
temperature. Transpiration cooling, which was chosen for application to
the small turbine under consideration, is a process where cooling air bled
from the compressor exit is diffused through a porous structure surround-
ing the turbine blade into the boundary layer on the hot gas side. Having
cooled the porous walls, the coolant then forms a relatively cool film
which insulates the gas side a!'rfoil from the hot gas stream and maintains
the structure at temperatures substantially below that of the external gas.
The cooling action in the transpiration method depends on three factors:

1. Heat sink value of coolant

2. Reduced frictional heat generation due to reduced surface
velocity gradients
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3. Reduced conductive heat flux into blade surface due to change in
temperature profile shape by mass transfer flow

Results of numerous analytical and experimental studies conducted at
Government agencies, at private institutions,and at Curtiss-Wright show that
the transpiration cooling method is the most efficient in terms of degree
of cooling with a given expenditure of coolant in both laminar and turbu-
lent flow regions. In addition, the superiority of transpiration cooling
increases as the local gas temperature is raised. Transpiracion-cooled
blading has been shown also to have the capability ot accepting wide ranges
in positive and negative gas incidence angles with no detrimental thermal
effects at the critical leading edge. The coolant flow and the leading-
edge temperature are almost insensitive to a shifting stagnation point at
stator or rotor leading edges. It is obvious that this feature is partic-
ulariy important in the thermal consideration of high-temperature variable-
geometry turbine designs.

The advanced technology developed at C-W on transpiration-cooled turbine
blades has been applied to the design and evaluation of a small turbine
component and incorporated into a rotating test rig during the Phase I
period. The detail design analysis (of this turbine component) is the sub-
jJect of this report and describes the performance characteristics expected
during operation and test in Phase II. In addition to the analytical de-
sign, various experimental evaluations were made also toc confirm the design
feasibility:

1. Airfoil forming characteristics
2. Strut fabrication
3. Airfoil-to-strut attachment methods

4. Test of prototype stator hlades in two-dimensional cascade.




2.0 TURBINE AERODYNAMIC ANALYTICAL DESIGN

An aerodynamic-thermodynamic design study of a single-stage transpiration-
cooled turbine component having the following sea level static performance
characteristics as its design goal was completed:

1. Turbine work

2. Temperature, inlet, total average

3. Pressure, inlet, total

. Efficiency, adiabatic,
total-to-total, design

5. Turbine airflow
6. Cooling airflow, rotor blade

7. Cooling airflow, stator blade

140 Btu/pound

2500°F
2960°R

112.9 psia

902

4 pounds/second
3-5Z of total airflow

3-52 of total airflow

The design parametera were established to provide a turbine stage capable
of driving an 8 to 1 preesure ratio cumpressor to form the basis of an ad-
vanced turbine engine in the 500-1000 horsepower class. The information
developed in the analytical study is incorporated into the design of an ad-
vanced turbine for experimental testing to demonstrate high-turbine-inlet-

temperature technology.




2.1 TURBINE AERODYNAMIC-THERMODYNAMIC DESIGN

2.1.1 Thermodynamic Considerations

At the beginning of Phase I, a study was initiated to define the turbine com-

ponent to be developed and to review the turbine thermodynamic analysis that

had been performed previously. This preliminary analysis assumed that the

turbine annulus was unflared (constant 0,D. and constant I,D.) and provided

a high absolute rotor discharge Mach number of 0.61. This value was con- R
sidered to be higher than desirable in a turbine of this type; to reduce this

outlet Mach number, the rotor exit area was increased from a value of 10.089

square inches to a larger one of 12.252 square inches. 1In this prelimiaary

stage, it was assumed that the rotor annular area change was achieved by

flaring both the inner and the outer walls to achieve the new outlet area. -
This change in flow passage reduced the outlet Mach number in question to

an acceptable value of 0.45.

This basic design concept was then further refined using existing C-W-devel-
oped computer techniques for high-temperature turbine technology. The basic
objective of this optimizaticn investigation was to establish the best turbine
configuration consistent with high efficiency, mechanical ccnsiderations, and
practicality of manufacture. In all, 20 separate computer design runs were
made in this optimization study. Eight trials were performed in the early
review and twelve more were made in the final analysis to determine the var-
ious characteristics of three turbine configurations being studied.

Many factors require consideration in a design of this type in order to ar-
rive at the optimum configuration for a specific application. For example,

to achieve high efficiency in small turbines, minimum tip clearance between
rotor tip and engine casing is desirable. While this can be accomplished in
a flared passage, it is obviously much more easily accomplished using a
straight-across rotor, which also allows use nf honeycomb or abradable ma-
terial in the casing wall for "run in" and maintenance of small tip clearance.
The straight-across rotor also provided an improvement in hub/tip ratio, since
all the increased leaving area requirement (flare) was achieved by reducing
the inner diameter. C-W efficiency assessment procedures indicate that a hub/
tip ratio in excess of 0.82 penalizes turbine performance for a required out-
let area, reducing the inside diameter to achieve the necessary flare has a
greater effect on hub/tip ratio than increasing the outside diameter. There-
fore, the I,D, was reduced to achieve a desirable value of this ratio.

When decreasing the hub diameter for other purposes, consideration must be

given to the fact that this reduction in diameter increases the rotor blade

turning in these root sections and to the possibility that auch an increase

in turning will produce an impulee or possibly negative reaction condition. P
Increasing the rotor outlet whirl provides a means of controlling the amount

of reaction in such a situation, but it in itself can reduce the rating effi-

ciency as determined by C-W calculation procedures.

After consideration of all these interrelated criteria as well as to those

affecting blade mechanical stresses and manufacturing requirements, a final
vector diagram (shown in Figure 1) was gelected. Figure 2 depicts the turbine
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selected, and Table I defines the overall dimensions. From Figure 2, the
method to be used for treating the rotor tip clearance should be noted. As
indicated previously, it is desirable to have a constant outer diameter so
that a minimum clearance can be attained to reduce losses. In addition, it
was deemed desirable to make the rotor tip inlet dizmeter larger than the
exit diameter of the stator to insure 'capture' and further minimize tip
losses.

Table 1I l1lists the turbine design point thermodyuxasic information, and Table
III 1ists the final turbine blade design data. The axial chord lengths in-
dicated here were modified slightly from those presented previouely to
achieve more desirable chordal solidities.

The turbine design having been optimized for the design characteristics chosen

as the goal, it was necessary to determine the conditions for test in the

C-W turbine facility. The test point was selected so as to maintain the f
"me'ﬁIEIEi with the pressure varying to be compatible with the present air

supply pressure cdpability. It was assumed that the rame turbine inlet

total temperature of 2500°F would be maintained for both design and test !
cunditions. ‘

The following data are presented to compare the design and test conditions:

Design  Test
Turbine Inlet Temperature 2500°F 2500°F
Shaft Speed rpm 50,000 50,000
Pressure Ratio 2.35 2.35
Actual A h (Btu/pound) 140 140
Mass Flow Ent Rotor pps 4.0 3.01
Stator Inlet Pressure psia 112.9 85 '

2.1.2 Turbine Performance, Off-Design

The predicted turbine performance is shown in Figure 3 in terms of flow
capacity and efficiency versus turbine pressure ratio. The efficiency
plotted is the so-called '"rating' afficiency, and the pressure ratio de-
scribed is the inlet total to exit total measured in the axial direction.
The rating efficiency claims no credit for the whirl (tangential) component
nf the absolute velocity leaving the turbine. The use of rating efficiency
is felt to be consistent with turbine mapping procedures, since the map
represents turbine operation at outlet whirls other than design. 1In the
case of a single-stage turbine in a jet propulsion engine, outlet whirl
represents energy lost for propulsion. In a multistage turbine, presumably
outlet whirl can be utilized by the following stage at the design point so
that a true total-to-total pressure ratio would properly express turbine
efficiency. However, even in a multistage turbine operating off design,



downstream stage stators operate at othe- 1 design inlet angle (inci-
dence) and so tend to demonstrate lower .. ctheir single-stage design ef-
ficiencies. Ccnsideration must also be given to the spacing between stages
or to struts that might exist between the compressor turbine and the power
turbine. Large separations between stages or the use of struts would argue
well for the use of rating efficiency.

The 90-percent turbine efficiency design goal discussed previously is as-

sumed to be the total-to-total efficiency, and the equivalent rating effi-

ciency is 89 percent. Rating efficiency 1s usually ahout l-percent less

than total-to-total efficiency for moderate rotor exit whirls (10 degrees

to 20 degrees). The map of Figure 3 predicts 88 percent rating efficiency P
at design pressure ratio, with no benefit claimed for shrouds or close-

clearance rotors.

Where cloee clearance can be maintained between rotor tip and casing under
hot operating conditions, an additional l-percent efficiency can be obtszined.
Since it is intended to test the present turbine at close tip clearances, a
potential rating efficiency of 89 percent, or approximately 90 percent total-
to-total, has been predicted and established as the efficiency goal.

Additional working curves of the off-design performance discussed above were
prepared and are included here as Figures 4 and 5. In one case, the actual
value {8 plotted for the variable parameters; In the other, the same para-
meters are shown plotted as a percentage of the design value for the turbine
under consideration.

2.1.3 Efficiency - Design Point

The IBM program used for designing the turbine discussed herein computes
all the velocity diagram quantities at hub, mean, and tip reference radii
utilizing the free vortex turbine theory. Provisions for cocmputing the
velocity diagrams at two intermediate radii are available if required by
blade geometry. The thermodynamic properties of gases at the elevated tem-
peratures in question are computed automatically and are used in gas dy-
namic equations normally employed in the design of axial flow turbines.

The prograr also has ihe additional flexibility of accepting different in-
let and exit air weight flows for each blade row; thus, mass addition or S
subtraction can be accounted for.

Table IV illustrates the kind of information obtained using the previously
mentioned C-W computer program (Section 2.1.1). It calculates all the vec-
tor diagram information of Figure 1. Tables V and VI are similar calcula-
tions in which the efficiency has been revised to determine the effects on
various vector diagram parameters. It will be noted that only very small
differences exist in the vector diagram quantities, such as stator discharge
velocity (V1), blade angles, Mach numbers, and pressure ratios. This pro-
vides an insight into the test instrumentation requirements and the neces-
sity for accuracy to determine actual values of turbine performance.
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The efficiency prediction method that 1s part of the design calculation
procedure was developed by C-W using loss rules based on cascade blade
data, turbine’ component data, and engine test data generated at

C-W ca3 well as at other U.S. and British sources. The program de-
scribed uses an iterative procedure tc calculate the adiabatic and rating
efficiency and can be used, alternatively, with a prescribed turbine effi-
ciency. Table VII compares measured and calculated turbine efficiency for
various engines and/or turbine components, The predicted efficiencies
utilizing the program described above are in close agreement with the ac-
tual measured values.

The stator and rotor loss coefficients are determined using the proposed
turbiue mean diameter values for the blade cascades which are compared to
previous test data. These coefficients are then modified where necessary
for other than optimum hub/tip ratio. Blade solidity, shrouds, thickness
of blade trailing edge, tip clearances, and so forth can be accounted for by
means of separate efficiency movements. As these effucts are included, the
program recomputes the loss coefficients. Figure 6 shcws the effect of
varying the stator and rotor loss coefficients on turbine overall total-to-
total adiabatio efficiency. This figure clearly indicates that in the case
of this particular turbine, efficiency is much more sensitive to stator
loss coefficient than rotor coefficient. It reflects the high energy level
of the entering gas and the transonic velocities leaving the stator.

The stator loss coefficient calculated for the present design is 0.0780, and
the rotor coefficient is8 0.1135. Loss coefficient is defined as the differ-
ence Letween the inlet total pressure to a blede row and the outlet total
pressure from the blade row divided by the difference between the outlet
total from the blade row and the static pressure at blade row outlet, or

P - P,r

T
in out

Y -
P B
The turbine mapping program used to get the turbine performance maps
(described in Section 2.1.2) utilizes the output cf this first program
(mean diameter values) as its basic input. Additional modifications to the
loss coefficients are made for changes in blade incidence angle as the tur-
bine moves '"off-design' over the wide range of operating conditions speci-
fied by the map.

2.1.4 Blade Aerodynamic Design

The number of blades were chosen initielly based on the method of Reference
1. This method fixes the axial solidity b/s, which with an axial length b
leads to a blade number, and with diagram angles leads to a chordal solidity.
The final criteria with regard to blade solidity and blade shape are derived
from diffusion factor. Diffusion factor is defined as velocity-before-
acceleration minus velocity-after-deceleration divided by velocity-before-
acceleration. The velocity-before-acceleration 18 the peak blade surface
velocity as determined from a velocity distribution analysis. Suction sur-
face D factor is limited to a value of 0.25.
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The velocity and the pressure distribution around a turbine blade are
calculated using a third IBM 704 computer program., This program anal-
yzes the 'channel" flow between the blades by the stream filament tech-
nique. The program is briefly outlined as follows:

The straight lines joining the point of tangency of an inscribed circle in
the blade passage are taken to be the potential lines normal to the stream-
lines. For a two-dimensional irrotational flow, the pressure gradient de
across the blade passage and normal to the streamlines is given by dh

2
gﬁ - Yy P-M -C 1)

where C is the curvature of the streamline. It is assumed that from one
blade surface to the other across the blade passage, the curvature of the
strcamlines varies lincarly. It is clear, of course, that the two blade
surfaces represent the bounding streamlines. Hence,

Cc -C
C Ca 8 p h )

h
o

vhere h, is the passage width, h is the distance along the potential line
measured from the suction side, and Cg and C_, are the curvatures of the
suction and pressure side of the passage, respectively. With the help of
the isentropic relationship,

Y
7-1

2 (3)
P =P (1 +7 -1 M)
£ 2

Equations (1) and (2) yield
h 2 2

cti =

Yoo L T % 0)
m 8 P

where V, and C; are the velocity and the curvature of the mean streamline,
respectively.
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The total pressure, total temperature, and radial gradient of mass flow at
the inlet and the exit are known from turbine performance data. The stream-
wise relative total pressure loss and injected mass flow gradient are ai-
sumed to be disturbed linearly along the blade passage. From these values,
the average velocity for a potentiel line is arrived at through the

relation

_L_J-_T—r__dﬂ_.jF(l';u) 1_7_-_1_‘1._{

- L

Because of exponential variation in velocity across the blade passage, the
average velocity arrived at by continuity is different from the mean stream-
line velocity. To account for this, the following relation is employed in
calculating the mean streamline velocity:

v v
v, - l\/ 1/2 + 1/4 (%: + 72 ) (6)
m L ]

This has been verified graphically with good agreement between values.

With the help of equations (4), (5), and (6), the surface velocities &t both
the suction and the pressure side are determined. Having the velocities, the
pressures are obtained from the isentropic relationships.

The leading-edge portion of the blade is treated by potential flow theory
to obtain the velocity and pressure distribution in the neighborhood of the
stagnation point.

For subsonic velocities leaving the blade, on the overhang portion, the
stream filament method 18 used by forming a passage between the overhang and
a line extending from the trailing edge of the adjacent blade at an angle
equal to the main flow air angles. For supergonic velocities leaving the
suction side of the blades, however, the velocity distributions are deter-
mined from test results of cascades of different solidities for different
ratios of exit static pressure to inlet total pressure. This is necessi-
tated by the shocks present as the supersonic suction side flow decelrrates
to the suhsonic main velocity.

Figure 7 shows the comparison of experimentally determined pressure
distribution and that computed using Log 905 IBM program.
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Figures 8, 9, and 10 show the stator aerodynamic sectione at hub, mean, and
tip, respectively. Figures 11, 12, and 13 show the rotor aerodynamic
shapes at hub, mean, and tip, respectively. Figure 14 gives the stator
static pressure distribution, and Figure 15 gives the stator velocity dis-
tribution. Figure 16 gives the rotor static pressure distribution, and
Figure 17 gives the rotor velocity distribution. In both stator ard rotor,
pressure differences were made to agree with design momentum differences.

10



TABLE 1

OVERALL TURBINE DIMENSIONS - HOT

BLADE ROW NOZZLE ROTOR

Inlet Outer Diameter 6.541 in. 6.581 1in,
Exit OQuter Diameter 6.541 1in. 6.581 in.
Inlet Inner Diameter 5.459 1in. 5.419 in.
Exit Inner Diameter 5.459 1in. 5.187 in.
Inlet (Hub/Tip) Ratio 0.8346 0.823

Exit (Hub/Tip) Ratio 0.8346 0.788

Inlet Annulus Area 10.1976 in.? 10.9516 1n.2
Exit Annulue Area 10.1976 1n.2 12.8841 1n.2

1 percent reduction in above annulus areas was used in the vector
diagram calculations to allow for boundary layer effects.

11
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RPM

Weight Flow Entering
Total Pressure Enter
Total Temperature En
Total Temperature Le

Enthalpy Drop

TABLE II
TURNINE DESIGN DATA

Stator
ing Stator
tering Stator

aving Stator

50,000

3.846 pounds/second
16,263 psf

3040°R (2580°F)
2960°R (2500°F)

140 Btu/pound

Work Factor (at Mean Section) 4.25

Turbine Adiabatic Efficiency 0.8826

Turbine Axial Efficiency 0.8757

Total Pressure Ratio 2.3596

Nozzle Exit Rotor Exit

Vector Diagram Sect HUB MFEAN TIP HUB MEAN TIP
Diameter (in.) 5.464 6.000 6.536 5.194 5.884 6,574
Total Temp (°R) 2,960 2,960 2,960 2,505 2,505 2,505
Static Temp (°R) 2,428 2,507 2,567 2,434 2,435 2,436
Total Press (psf) 15,500 15,574 15,653 6,905 6,905 6,904
Static Press (psf) 6,410 7,432 8,300 6,076 6,088 6,097
Work Factor, 4QH - - - 5.448  4.250  3.403

¥ 2ot
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TABLE III

TURBINE BLADE DESIGN DATA

NOZZLE ROTOR

Vector Diagram Section HUB MEAN TIP HUB MEAN TIP
Blade Design Sect Dia (in.) 5.464 6.000 6.536 5.56 5.884 65.480
Pitch, S (in.) 0.7458 0.8195 0.893 0.6718 0.711 0.783
Chora, C (in.) 1.26 1.276 1.302 1.24 1.214 1.184
Axial Chord, b (in.) 0.9384 0.9380 0.9380 1.200 1.142 1.040
Solidity, C/S 1.689 1.557 1.458 1.846 1.708 1.512
Axial Solidity, b/S 1.255 1.145 1.050 1.786 1.606 1.328
Maxinum Thickness, 0.308 0.300 0.291 0.260 0.238 0.206
t (in.)

max
t /C, % 24.4 23.5 22.3 21.0 19.6 17.4

max
t /b, X 32.8 32.0 31.0 21.7 20.8 19.8

max
Trailing Edge Thickness, 0.03 0.03 0.03 .03 0.03 0.03
t (in.)

e
t 2 4,02 3.66 3.36 4.47 4,22 3.83

e/s
Blade Inlet Angle, B(deg) 0 0 0 53.6 46.7 39.4
Incidence, 1 (deg) 0 0 0 +.4 +2.5 -.2
Blade Exit Angle, ﬁz(deg) 68.91 66.3 65.24 57.5 58.4 60.0
Deviation, 8 (deg) 0 +.76 +0 -1.5 -1.4 -1.3
Throat Width, w, (in.) 0.2557 0.307 0.3576 0.361 0.376 0.3915
Unguided Angle, B(deg) 5 3.12 5 7.5 8.5 7.33
Number of Blades 23 26

13
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TABLE 1V
TURBINE DESIGN - STANDARD EFFICIENCY
LOG 870« TURBINE DESIGN PROGRAM,
TRECOM TURBINE (H/TICC EQUALS 140 “ 28 6%
TURBINE OVERALL PERFORMANCE.
ROTATIONAL SPEED, ©50000,0000
WEIGHT FLOWs INLET, *  4.0000
WEIGHT FLOWs OUTLET., = 401667
PRESSURE RATIO, = 243596
ENTHALPY OROP, u =14040000
ADIABATIC EFFICIENCY. = 048826
RATING EFFICIENCY, = 0,8787
TOTAL PRESSUREs INLET, = 11249374
TOTAL PRESSUREs OUTLET, = 47,8636
TOTAL TEMPERATUREs INLET. * 296040000
TOTAL TEMPERATUREs OUTLET, = 25048671
ANULUS AREA» ROTOR INLET. = 10.09%6
ANNULUS AREA» ROTOR OUTLETs = 12,7583
LOSS COEFFICIENT+ NOZZLE. = 0,0780
LOSS COEFFIZIENTs ROTOR. = 041133
HUB/TIP DIAMETER RATIO, = 0.8361
BLADE HE IGHT = 0453%6

(WOROOT(T}1/P) IN = 149269

(WOROOT(T)/P) OUT = 43569

IWON/P) * 1770.892%

CENTRIFUGAL STRESS, 41205,5278
YEH LOSS COEFFICIENTs ROTORs = 042486
RADIAL ELEMENT PERFORMANCE.

DIAl  6.,00000 DIA2  5.88400 Ul 1308,99998 U2 1283.69263
VW1 2433,24728 V1 2641.76669 VRl 1523,86702 VAl 1028.70740
VW2 250491928 V2 1037,19217 VR2 1835,16783 VA2 1006438318
MV1 1012218 MVR1 0464732 MV2  0,64706 MVR2 0479101

ALFN1 67,8280 ALFR1 47,4094 ALFR2 5676358 ALFS2 14400000
PS1  51,51271  TS1 2507.17157 RHOl  0.05546  C1 2354412979
PS2 424166408  TS2 2435.,06583 RHO2 0404676  C2 2320403070

TTR1 2657.84576 TTR2 2653458841 PTRI 66092980 PTR2  61.99822

RFACT  0.13736 EPSI 104,28452

DIAL S.46441 DIA2 519397 Ul 1192415276 U2 1133.,15138
VWl 2671473865 V1 2862093976 VRl 1802.05806 VA1 1028470740
VW2  284,25436 V2 1045.75696 VR2 1738,36578 VA2 100638318
MV1 1623576 MVR1 0e77784 MV2 0.45086 MVR2 0e74946

ALFN1  68,941T0 ALFR1 35419043 ALFR2 56462462 ALFS2  15,77242
PS1 44,40947 TS1 2428417447 RHOI 0064937 Cl 2316474545
PSs2 42,07423 TS2 2433,90826 RHO2 004666 C2 2319447919

TTR1 2638.88309 TTR2 2629,98093 PTRl  64,50702 PTR2  59.56191

REACT  -0.01090 EPSI 109.81504

DIAl 6453559 DIA2 6657402 Ul 1425,84718 U2 1434,23384
VWl 2233,80427 V1 2459,32889 VRl 1308.08957 VAl 102870740
VW2 224,5%82008 V2 1031.13733 VR2 1940422617 VA2 1006.38318
MVl 1403233 MVR1 0¢54908 MV2 0eb4638 MVR2 0483615

ALFN1 65427351 ALFR1 38.14786 ALFR2 58475538 ALFS2 1257968
PS1  57,54758  TS1 2567.55576 RHOl 0406050  Cl 2382.31027
PS2 42422724  TS2 2435.87842 RHO2  0.04680  C2 2320441776

TTR1 2678,58047 TTR2 2680413678 PTRI  69,58320 PTR2 64482981

REACT 0425123 EPSI 96490323

LOG 870, TURBINE DESIGN
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TABLE V
TURBINE DESIGN - 1-PERCENT EFFICIENCY INCREASE FOR SHROUDS

—_—

LOG 870+ TURBINE

DESIGN PROGRAM,

15

TRECOM TURBINE EFF, SOR! COEFy = .01 4 30 69

TURBINE OVERALL P MA .

ROTATIONAL SPEED. =5%0000,0000
WEIGHT FLOWs INLET. - 4,0000
WE IGHT FLOWs OUTLET, ] 4e1667
PRESSURE RATIO. » 243372
ENTHALPY DROP, = =-14040000
ADIABATIC EFFICIENCY, = 0.8919
RATING EFFICIENCY. = 0.8850
TOTAL PRESSUREs INLET. = 1129374
TOTAL PRESSUREs OUTLET, " 48,3223
TOTAL TEMPERATUREs INLET, = 2960.0000
TOTAL TEMPERATUREs OUTLET, 2 250448671
ANNULUS AREAs» ROTOR INLET, = 100956
ANNULUS AREAs» ROTOR OUTLET. = 127553
LOSS COEFFICIENT,s NO2ZLE. = 0.0780
LOSS COEFFICIENT, ROTOR. . 01135
HUB/TIP DIAMETER RATIO. - 0.8361
BLADE HEIGHT . 045356

(W#ROOT(T)/P) IN - 19269

(W®ROOT(T)/P) OUT = 403156

(WEN/P) = 17708925

CENTRIFUGAL STRESS. =4120%5.5278
YEH LOSS COEFFICIENT,s ROTOR. = 0.2182
RADIAL ELEMENT PERFORMANCE.,

O1Al 6.00000 DIA2 5088400 Ul 1308,99998 U2 1283.69263
VW1 2436415427 V1 264%.11371 VR1 1527.17229 VAl 1030442687
VW2 247,95501 V2 10264493915 VR2 1826.18817 VA2 994.49413
Myl 1412386 MVR1 0.66807 MV2 Oe44163 MVR2 0.78687

ALFN1 67.07302 ALFR1 47.56698 ALFR2 57.,00451 ALFS2 14,00000
PS1 51.40321 TS1 2506402341 RHOI 0.05937 Cl 23%3.,59070
Ps2 42.69687 TS2 2436470529 RHO2 0404730 C2 2520.81158

TTR] 2657435196 TTR2 2653409460 PTR1 66.8691%5 PTR2 62.54013

REACT 0413246 EPS| 1064e%7148

DIAl 5.46441 DIA2 519397 Ul 1192,15%276 U2 113318138
VW1 2674.930%7 V] 2866453629 VR1 1805.,66025% VAl 1030442637
Vw2 280.89628 V2 1033,40276 VR2 1728,7%210 VA2 994.49413
Mv1 1423765 MVRI 0.77961 Mv2 0-.44538 MVR2 0474506

ALFN1 68493256 ALFRI1 55420345 ALFR2 54,88148 ALFS2 15.77242
PSl 44429653 TS1 2426483743 RHOI1 0404927 C1 2316.107%4
PSs2 42.60809 TS2 2435457495 RHO2 0004722 C2 £320.27322

TTR]1 2638438928 TTR2 262948715 PTR1 644440801 PTR2 60.08207

REACT ~0.01666 EPSI 110.,08493

DIAl 6453559 DIA2 6057403 Ul 1425,64718 U2 1434,.2%3084
VW1 2236,51303 V1 2462.47211 VRl 1311.,09043 VAl 1030,426%7
VW2 221.92895 V2 1018,95584 VR2 1931.81111 VA2 994.49413
Mv1 103385 MVR] 0455045 Mv2 04433898 MVR2 0.08322%

ALFNI] 65,26315 ALFRI 38419317 ALFR2 5901804 ALFS2 12.57988
pPsSl 57.44271 TS1 2566455194 RHOIL U 060682 C1 2381.8445%1
PS2 42,7%5928 TS2 2437.,49881 RHO2 0404733 C2 2321.18942

TTR1 2678.08664 TTR2 2679.64301 PTPRI 69.92083 PTR2 65.3970:

REACT 0424699 EPSI 97.20921

LOG 870« TURBINE DESIGN PROGRAM.




~ TABLE VT
TURBINE DESIGN - 90-PERCENT PRESCRIBED DESIGN EFFICIENCY
LOG 070. TURBINE DESIGM PROGRAM,.
TRECOM TURBINE Y SP Flcl 4 29 63

TURBINE OVERALL PER o

ROTATIONAL SPEED, #50000,0000

WEIGMT FLOWs INLET, = 4.0000

WEIGHT FLOWs OUTLET. - 401667

PRESSURE RATIO. = 203173

ENTHALPY DROP. = -14040000

ADIABATIC EFFICIENCY. - 049000

RATING EFFICIENCY. . 0.8931

TOTAL PRESSUREs INLET, = 11249374

TOTAL PRESSUREs OUTLET., = 4867329

TOTAL TEMPERATUREs INLET. = 296040000

TOTAL TEMPERATUREs OQUTLET, 2504,8671
ANNULUS AREA» ROTOR INLET, L] 10.095%6
ANNULUS AREAs ROTOR OUTLET. . 127553
LOSS COEFFICIENTs NOZLLE, - 0.0780
LOSS COEFFICIENT, ROTOR. = Oe
HUB/TIP DIAMETER RATIO. = 0.8361
BLADE HEIGHT ] 045356

a

[

=

(WEROOT(T)/P) IN 1.9269
(W®ROOT(T)/P) OUT 42792
(W#N/P) 1770.892%
CENTRIFUGBAL STRESS, =4120%.5278
YEH LOSS COEFFICIENT,» ROTOR. - 041909

RADIAL ELEMENT PERFORMANCE.

OlAl 6.00000 DIA2 5.88400 Ul 1308.99998 U2 1283.6926)3
VWl 2438.69003 V1 2648,03571 VRl 1530.,059%5 VA1l 1031.93216
VW2 245,36924 V2 1014,25%5067 VR2 1818,38629 VA2 984,12314
MVl 10412533 MVR] 065023 MV2 0443690 MVR2 0.78329

ALFN] 67,06439 ALFRI 47.56944 ALFR2 57023621 ALFS2 14,00000
PS1 5130765 TS1 2505.01987 RHO) 0.055%29 Cl 233%3.,11942
Ps2 43,17187 TS2 2438411954 RHO2 0.04780 C2 2321.48495

TTRY 2636492120 TTR2 2652466388 FTRI] 66.81627 PTR2 63.02557

REACY 0412819 EPSI 104.,8236%

DIAl 5,606441 DYA2 519397 Ul 1192.15%276 U2 1133.19138
VWl 2677,71487 V1 2869.675%81 VR1 1808.80591 VAl 1031.93216
Vw2 277,96698 V2 1022.62601 VR2 1720.39337 VA2 984,12314
Myl 1423931 MVRI 078116 MV2 0.44061 MVR2 0eT74124

ALFN1 68492449 ALFR] 55421462 ALFR2 5510787 ALFS2 15077242
Psl 44.19800 TS1 2425.6689]1 RHOL 0.04919 Cl 2315.54987
PS2 43,08401 TS2 2437.01260 RHO2 0.04772 C2 2320.95792

TTR1 2637.9585%50 TTR2 2629.05640 PTR] 54439656 PTR2 60+540803

REACT ~0402169 EPSI 110432250

DIAl 6453559 DIA2 6657403 Ul "425,84718 U2 1434,23304
VW1l 2238.84100 V1 2465421649 VR1 1313,71347 VAl 1031.93216
VW2 219.,61459 V2 1008432976 VR2 1924,50339 VA2 9084,12314
MV1 1.03518 MVR1 0655165 Mv2 0.43428 MVR2 082886

ALFN1 65.25401 ALFR1! 38423236 ALFR2 59,24527 ALFS2 12.97988
PSl 57.35117 TS1 2565467447 RHOL 006034 Cl 2381.43732
Ps2 43,23363 TS2 2438489655 RHOZ 0.0478% C2 2321.8540806

TYR1 2677.65591 TTR2 2679.21222 PTR1 69.46646 PTR2 6%¢90509

REACT 0+24329 EPSI 97447764

LOG 870, TURBINE DESIGN PROGRAM.
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TABLR VII

COMPARISON OF MEASURED AND CALC'JLATED DESIGN POINT
TURBINE EFFICIENCY

Turbine n v l, U ooy Dh/Dt 7’calc nmcu Error-A
NACA B - 44 2,06 0.66 0 0.60 0.898 0.894 +0.004
(RM ES2 C17)

NACA B - 32 2.11 o0.71 0 0.60 0.894 0.889 +0.005
(RM E52 C17)

Model

J-67 P 2.61 0.83 0 0.70 0.870 0.869 +0.001
J-65 LP W-10 3.28 0.84 15.2 0.74 0.860 0.856 +0.004
J-65 HP W-10 3.00 0.52 30.8 0.75 0.874 0.896 -0.022
T-49 WP 2.64 0.48 16.8 0.73 0.891 0.897 -0.006
T-49 LP 2,64 0.59 13.2 0.68 0.905 0.911 -0.006
T-49 LP 2.32 .81 0 0.62 0.893 0.896 -0.003
OL 3 HP 3.86 0.58 28.0 0.74 0.897 0.890 +0.007
OL 3 LP 2.64 0.74 7.0 0.63 0.904 0.905 -0.001
SA 7 HP 3.16 0.687 21.8 0.71 0.877 0.864 +0.013
SA 7 LP 2.665 0.747 18.7 0.596 0.886 0.880 +0.006
607007

J-67 LP 2.71 0.80 6.0 0.70 0.882 0.875 +0.007
607007

J-67 HP 3.27 0.46 27.0 0.77 0.899 0.900 -0.001

17
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Design Point Data: Gas Generator Application

Inlet Weight Flow 4.0 1b/sec
Actual Work Output 140 Btu/lb
Inlet Temperature, Rotor 2500°F (Stator Absolute Leaving)
Inlet Pressure 229.9 in Hg A
Gas Gen Rotor Speed 50,000 rpm
g 0.06
”~~
‘f_‘, P1n1et/Pdischarge
’ ~ — 2.6
£ 0,05t — 2.5
Z [— Design Point
#: e
e ™ 2.360
g /,:: 2.25
' / 2.15
o 727 7 e
p— 7 7
20.04 //, ePie 2.05
- ,7.7 7 -
=~ 7 P // ’,.c-
=~ 2 - —1.90
Ly 7 7 rd
3 e
5003 o
o ”~ L S
Q - g ~1.70
] //
1]
w "
0.02 - / P S
g - / f A Y Y A
‘«1 / / ) / ! f Y
n, - / / \\
% -~ 5514 y \
2 643.3 / 1.50
— 0.0l 73852.721/ //
§ N//Tinlet = 919.0 (rpm)/(°R)
r 2 1010.9 \
’ 1.30
0 1 L 1 1 )
0 200 400 600 80¢C 1000
Entrance Weight Flow Parameter - WN/Pinlet
, (1b/sec) (rpm)/(in Hg A)
Figure 4. Estimated Overall Turbine Performance Map.
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Figure 5. USAAVLABS Estimated Overall Turbine Performance Map.
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Figure 8. USAAVLABS Stator Airfoil Aerodynamic Section - Hub,
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Figure 9. USAAVLABS Stator Airfoil Aerodynamic Section - Mean,
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Figure 10. USAAVLABS Stator Airfoil Aerodynamic Section - Tip.
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Figure 11. USAAVLABS Rotor Airfoil Aerodynamic Section - Hub.
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2.2 ENGINE PCRFORMANCE

2.2.1 Design Point Performance

Brief studies were made during Phase I to relate the predicted performance
of the gas generator turbine discussed above with other components in a

free power turbine engine and to estimate the overall capability of such a
system. Of necessity, certain assumptions had to be made on which to base
such a study, and the following data are presented to clarify these areas:

Turbine (gas generator)

Weight flow
Work
Adiabatic efficiency

Average inlet temp (leaving stator)

Inlet pressure

Rotor blade cooling airflow

Comgreaaor

Inlet recovery
Pressure ratio

Mechanical efficiency

Combustion Chamber

Fuel lower heating value (JP-4)
Pressure recovery

Combustion efficiency

Free Turbine (power)

Cooling airflow
Adiabatic efficiency
Diffuser pressure recovery

Mechanical efficiency
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4,00 pounds/second
140 Btu/pound
0.8826

2500°F

229.9 in. Hg A

(4.0% of total weisht flow;
combustor plus cooling air)

0.99
8:1
0.99

18,300 Btu/pound
0.97
0.99

None
0.913
0.98
0.98




s m——

Nozzle, Exhaust

Velocity coefficient
Discharge coefficient

Pressure ratio

Accessory Power Extraction

0.98
0.99
1.03

None

The following performance data were obtained by design point calcula-

tion, using these assumptions:

Compressor inlet pressure

Compressor discharge pressure

Compressor discharge temperature
Compressor adiabatic efficiency

Gas generator turbine pressure ratio

Gas generator turbine discharge pressure
Power turbine pressure ratio

Jet nozzle area

Output shaft horsepower

Fuel flow

srake specific fuel consumption

29.62 in. Hg A
237.0 in. Hg A
621°F

0.735

2.36

97.38 in. Hg A
3.097

0.462 square feet
883 horsepower
0.123 pound/second

0.5 pound/hcur-horsepower

2.2,2 O0ff-Design Performance

Off-design engine performance was obtained using an IBM computér program
over a range of gas generator and free turbine rotor operating speeds to
obtain data relating to minimum specific fuel consumption for this engine
configuration. For these calculations, the turbine performance map de-
scribed in Section 2.1 was used for the gas generator rotor, anJ a free
turbine (fixed geometry) performance map taken from Figure 2 of Xeference 2
was used for the power turbine rotor. The latter performance map was scaled
to provide an adiabatic efficiency of 0.913 (corresponding to 0.50 polytropic
efficieacy) at the design point. It was felt that this power turbine was
compatible in design with the gas generator turbine and would be¢ a realis-
tic representation for study purposes. The compressor performance map
utilized was also taken from Reference 2; data for a 9.5:1 pressure ratio
axial-centrifugal compressor was scaled to conform with the 8:1 pressure
ratio requirement outlined in the design point study described above.
Similarly, the compressor efficiency was scaled from 0.805 to 0.735 to agree
with design point assumptions for matching the gas generator turbine.’ The
latter efficiency 1is lower than current state-of-the-art values, which
would normally be assessed at approximately 0.80) adiabatic efrficiency for
engines of this type. Therefore, using the same mass flow and similar
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internal conditionr .th a compressor of current (or advanced) performance,
a significant incre:.e in output shaft horsepower could be reslized, and an
improvement in brake specific fuel consumption could be achieved.

Several assumptions supplementing the design point listing were formulated
for off-design operatior as follows:

Compressor

Inlet recovery - Iniet pressure loss varies as the square of the
airflow,.

Turbine (gas generator)

Rotor blade cooling air - Varies wilh combustler cbamber temperature.

Minimum specific fuel consumption data for the study engine are shown in
Figure 18 plotted versus output shaft horsepower; combustion chamber tem-
perature, gas geunerator speed (percent rpm), and power turbine speed
(percent rpm} data are also shown. These data represent the loci of mini-
mum SFC points defining the lower boundary of an envelope of generazlized
operating points obtained by calculating engine performance at various
combinations of gas generator end power turbine speeds. It should be noted
that approximately proportional relationships exist between internal cycle
conditions and output shaft horsepower, tending to minimize engine control
problems when projecting this power plant into application studies. As has
been puinted out rbove, the overall minimum SFC of 0.5 pound/horsepower-
hour 1s the vilue attoinable with the compressor efficiency chosen to match
the turbine. Such a value would be materially reduced if a more cocmpatible
compressor pressure ratio wese assumed with the corresponding nigher com-
pressor efficiency attainable with advenced technology.

2.2,3 Cycle Analysis Study

Cycle analysis studies were conducted based on internal condi<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>